This paper investigated how young and aged people response differently on the public address sounds in subway platform according to various reverberation and diffuseness. Both word intelligibility (WI) and listening difficulty (LD) tests were adopted as experimental method. Twelve simulated sound fields at the same position were prepared according to the combination of four different reverberation times (RT) and three different interaural cross-correlation coefficients (IACC). Auralized sounds with anechoic test words of actual station names were presented to young and aged subjects at the fixed sound pressure level. As results, LD results showed significant correlation with RT for both young and aged subjects, whereas significant correlation of WI results and RT was found only in aged subjects. Aged subjects showed worse speech intelligibility performances on public address sounds than young subjects due to their worse hearing level. RT was found as the most important factor to determine speech intelligibility for both young and aged subject, whereas aged subject showed better speech intelligibility performances with lower IACC. From the regression analysis, LD rating was estimated from the measured RT and IACC. Additionally, the effects of word familiarity, individual noise sensitivity and hearing level on the speech intelligibility were discussed.
INTRODUCTION
After the late nineties, public space acoustics is becoming more important for improving environmental quality of daily life [1] [2] . Among them, acoustic environments in subway stations have been actively investigated especially in terms of speech intelligibility [3] [4] [5] [6] . Many researchers have tried to reveal relationship between objective properties of sound fields and speech intelligibility for public address (PA) sound to provide better environmental treatments [7] [8] [9] . Consequently, new subjective measure of listening difficulty had been proposed 10 and objective effects of building elements on sound field characteristics in subway stations using computer simulation and scale model testing have been investigated [11] [12] [13] [14] . As reported by the authors' previous study 14 , it was observed that both temporal and spatial aspects were improved by architectural treatments such as modification of cross-section shape or installation of absorptive materials in a specific region: range of early decay time (EDT) as one of reverberation factors was more than 1.5 s, and range of interaural cross-correlation coefficients (IACC) which represent binaural dissimilarity was more than 0.1. Since the design aim is mainly to improve speech intelligibility, it is needed to understand the effects of room acoustic properties on speech intelligibility. Among room acoustic parameters, optimum speech level and signal-tonoise ratio in reverberant spaces had been well investigated 15, 16 . However, the combined effects of reverberation and spatial diffuseness are not fully investigated. Although Takaoka et al. 17 investigated the relationship of reverberation time (RT) and IACC on listening difficulty rating for a general condition, there were no significant effects of IACC on speech intelligibility. Therefore, it is required to investigate the effects of RT and IACC on speech intelligibility under more practical acoustic environments of subway stations. Speech transmission index (STI) 18 is well-known predictor of speech intelligibility, but it also could be useful for architectural acoustic designing of subway stations if speech intelligibility is estimated from any common room acoustic factors.
Therefore, this study aimed to find out the effects of reverberation and spatial diffuseness on speech intelligibility of PA sounds in subway platform in consideration of young and aged people. The reason for consideration of aged people is that they are acoustically weak subjects with age-related hearing loss in public space as generally known. For this purpose, the following three were hypothesized. The first is that listening difficulty and word intelligibility scores of the auralized PA sounds in subway platform score can be estimated from the room acoustic properties of the impulse responses using RT and IACC. The second is that contribution of RT and IACC on the listening difficulty and word intelligibility scores can be derived. The last is that different effects of RT and IACC on speech intelligibility of the auralized PA sounds between young and aged people can be found.
METHODS

Subject
Two groups of the young and aged people were participated in the listening test. Common conditions for the test subjects were healthy subway user with normal hearing. As for young group, twenty people (12 males and 8 females) with average age of 22.2 years old were participated in the test. As for aged group, twenty people (8 males and 12 females) with average age of 69.2 years old were also participated in the test. Subject's individual hearing level was measured using pure-tone audiometer (Rion AA-73A). Figure 1 shows the hearing levels of the subjects in comparison with general hearing loss pattern by age specified in ISO 7029 19 . All young and aged subjects commonly showed worse hearing loss characteristics at low frequencies below 2 kHz than the reference hearing levels of the corresponding age groups in ISO 7029. This might be caused by the background noise of the test environments as previously reported 16 . Each level was binaurally averaged by frequency bands. In consideration of the frequency characteristics of PA sounds, the averaged hearing level of the young subjects at 0.125 to 4 kHz was 7.1 dB which is regarded as a normal hearing, but the averaged hearing level of the aged subjects was 24.7 dB at the same frequency range to the young subjects. This level difference of 17.6 dB between the young and aged groups represents aged-related hearing loss characteristics for the participated subjects.
Stimuli
Twelve sound fields were employed from the computer simulation model of underground station in the authors' previous study 14 . These impulse responses were extracted at the same receiver position but different architectural treatments. Table 1 20 . The left channel of the stimuli was mixed with the right channel using digital audio software (Adobe Audition CS5.5). Ratio of the left and right channels was determined according to the IACC values of the manipulated impulse responses. The ranges of RT and IACC of the test sound fields were selected within the simulation results 14 : RT ranged from 0.68 to 3.17 s and IACC ranged from 0.11 to 0.63. Then, these impulse responses were convolved with anechoic test words. As for test words, the actual station names in Japanese were prepared in consideration of suitability for listening test. In detail, forty-nine stations from local subway lines were selected as high-familiarity words, whereas thirty stations from other city's subway lines were selected as lowfamiliarity words.
Procedure
As experimental methods for derivation of subjective speech intelligibility, both word intelligibility and listening difficulty tests were adopted. Word intelligibility test measures the percentage of the correctly answered test words as a Word intelligibility score (WI). On the other hand, listening difficulty test measures the percentage of the sum of the difficulty responses by four categories as a Listening difficulty rating (LD). Table 2 shows the four categories of listening difficulty used in the listening test. The listening tests were carried out individually in the soundproof room with relatively low background noise level. Sound stimuli were managed by a laptop computer (Lenovo W520), audio interfacer (Roland EDIROL UA-25EX), and binaural headphone (Sennheisser HD-600). All tests were conducted in the daytime from 10 A.M to 6 P.M. In the test, 120 auralized stimuli were randomly presented with the fixed sound pressure level of 65 dBA in order to exclude the dominant effects of sound level 9, 15 . Ten test words were randomly selected for each test sound field. Length of each auralized word was less than 2.5 s. Each listening test was taken less than 40 min. Figure 2 shows the results of WI and LD as a function of STI according to the young and aged groups. Except for WI of the young group, both WI and LD results are significantly correlated with STI as expected. In case of the young group, the results of WI ranged from 0.74 to 0.90. This means that speech intelligibility of the test sound fields with STI above 0.5 was good enough for young people in terms of word intelligibility. Therefore, it seems that no significant correlation between WI and STI was found for the young group since word intelligibility test does not measure listening easiness for the correctly-answered test words. On the other hand, aged people showed worse speech intelligibility performance in terms of both WI and LD. The difference of WI and LD between the young and aged groups is mainly caused by the aged group's worse hearing level by 20 dB or more than the young group. Figure 3 shows the same results of WI and LD as a function of RT and IACC. Speech intelligibility got worse as IACC increases at RT of 2.8 s for both the young and aged groups. This indicates that more spatially diffused sounds with low IACC might be helpful to improve speech intelligibility as lower IACC are preferred in performing spaces 21 . Therefore, it is worth to install diffusers in subway stations. However, this tendency by IACC became faint as RT decreases because lower RT generally yielded better speech intelligibility performances in terms of WI and LD. This relationship reveals different contributions of RT and IACC on speech intelligibility. 
RESULTS
Effects of STI on Word Intelligibility Score and Listening Difficulty Rating
Effects of RT and IACC on Word Intelligibility Score and Listening Difficulty Rating
Correlation Analysis
Correlation analysis was conducted in order to clarify relationships between objective and subjective parameters as shown in Table 3 . As results, RT was highly correlated with STI in-between objective parameters (R=-0.96, p<0.01). This indicates that the reduction of RT by absorptive treatments can improve speech intelligibility.
However, there was no significant correlation between IACC and STI (R=0.02, p>0.5), nor IACC and RT (R=0.01, p>0.5). On the other hand, in-between subjective parameters, the results of WI and LD were significantly correlated each other for the young and aged groups, respectively. Especially, in aged group, high correlation coefficient was observed between the results of WI and LD. Moreover, in case of LD, the results of young and aged groups were correlated each other. As for the results between objective and subjective parameters, in case of young group, only listening difficulty rating results were correlated with STI and RT. However, in case of aged group, both WI and LD results were correlated with STI and RT. Therefore, these suggest that the test method of listening difficulty may be more suitable to evaluate speech intelligibility of PA sounds in subway platform regardless of age difference. 
Regression Analysis
Based on the correlation analysis results, linear regression analysis was conducted to estimate subjective parameters using objective parameters. Since IACC was not significantly correlated with RT or STI, multiple linear regression analysis using RT and IACC is possible. Thus, two simple models using RT and IACC were proposed: RT only and RT with IACC. Four dependent variables (WI Y , LD Y , WI A and LD A ) were considered according to the type of subjective measures and the subjects' age groups. Table 4 shows the multiple regression analysis results. In case of WI, a model of aged group using RT was significant. However, all models using RT and IACC were significant in case of LD. Therefore, LD could be estimated from the measured RT and IACC. Moreover, it can be expected that consideration of spatial attribute of the sound fields might improve estimation quality because all models using both RT and IACC for aged group showed higher R-squared values than the cases using only RT. 
Analysis of Variance (ANOVA)
To clarify any contribution or any interaction of RT and IACC on speech intelligibility which is represented by WI and LD, two-way analysis of variance (ANOVA) was carried out according to the dependent variables (WI Y , LD Y , WI A and LD A ).
ANOVA Results for the Young Subjects
As for the young subjects, there was significant interaction between RT and IACC for WI (F (6, 228) =3.108, p<0.01). WI increased as IACC increased at low RT condition of 1.0 s as shown on (a) part in Figure 3 . However, WI decreased as IACC increased at relatively high RT condition of 1.9 s as shown on (b) part in Figure 3 . In case of LD, the same tendency was found as shown on (a') and (b') parts in Figure 3 although interaction between RT and IACC in terms of LD was not significant (F (6, 228) =1.883, p=0.085). This interaction influenced to decrease correlation coefficients between WI and objective parameters for the young group.
According to various RT conditions, there were significant differences of both WI (F (3, 228) =2.921, p<0.05) and LD (F (3, 228) =10.110, p<0.01). Thus, LD was more influenced by RT variation than WI. The significant difference of WI by RT was found between 1.0 and 1.9 s from the post hoc tests using Tukey method (p<0.05). As RT increased by 0.9 s, WI was decreased by 0.06. The significant differences of LD by RT were found between 1.0 and 1.9 s, between 1.0 and 2.8 s, and between 1.9 and 2.8 s from the post hoc tests using Tukey method (p<0.01). As RT increased by 0.9 s, LD was increased by 0.04 (RT: 1.9 to 2.8 s) to 0.09 (RT: 1.0 to 1.9 s). Therefore, absorptive treatments at lower reverberation condition below 1.9 s can be more effective to improve speech intelligibility than higher reverberation condition above 1.9 s.
However, there was no significant difference of both WI (F (2, 228) =0.736, p=0.480) and LD (F (2, 228) =0.045, p=0.956) by IACC. It indicates that architectural treatments for increasing diffusion might have no effect for improving speech intelligibility to the young subjects.
ANOVA Results for the Aged Subjects
Although there was no significant interaction between RT and IACC for both WI (F (6, 228) =1.811, p=0.098) and LD (F (3, 228) =0.717, p=0.636), there were significant differences of both WI (F (3, 228) =6.504, p<0.01) and LD (F (3, 228) =4.535, p<0.01) according to various RT conditions for the aged subjects. The significant difference of WI by RT was found between 1.0 and 1.9 s, and between 1.0 and 2.8 s from the post hoc tests using Tukey method (p<0.01). As RT increased by 0.9 s, WI was decreased by 0.05 (RT: 1.0 to 2.8 s) to 0.09 (RT: 1.0 to 1.9 s). In the same manner as the results for the young subjects, it is found that absorptive treatment at lower reverberation condition below 1.9 s is relatively effective than higher reverberation condition. In case of LD, the significant difference by RT was found between 1.0 and 2.8 s from the post hoc tests using Tukey method. As RT increased by 0.9 s, LD was increased by 0.06.
On the other hand, there was significant difference of WI by IACC (F (2, 228) =3.709, p<0.05) in contrast with the young subjects' results. The significant difference of WI by IACC was found between 0.2 and 0.6 from the post hoc tests using Tukey method. As IACC decreased by 0.4, WI was increased by 0.06. Especially, WI can be increased by 0.17 according to IACC increase by 0.4 at high reverberation condition of 2.8 s as shown on (c) part in Figure 3 . This indicates that architectural treatments for increasing diffusion could have some benefits for improving speech intelligibility to the aged subjects. In addition, the same tendency between LD and IACC can be found as shown on (c') part in Figure 3 although there was no significant difference by IACC (F (2, 228) =1.866, p=0.157).
DISCUSSIONS
Effects of Word Familiarity
In this study, word familiarity of the test words as the existing station names was not controlled in consideration of practical situation since the assumption was a normal passenger waiting for a coming train in the underground station platform. Thus, the above results on WI and LD had been derived using all test words regardless of its word familiarity. However, as previously reported by Morimoto et al. 10 , unfamiliar word can affect both word intelligibility and listening difficulty. Therefore, the results on WI and LD as a function of STI were rearranged according to its word familiarity as shown in Figure 4 .
As shown in Figure 4 (a), there were no significant differences of both WI and LD between the young and aged groups in case of the high familiarity. However, in case of the low familiarity, very large differences of both WI and LD as speech intelligibility performances were found between the young and aged groups as shown in Figure 4(b) . Table 5 shows the averaged WI and LD values according to age group and word familiarity with T-test results. As for all subjective measures of speech intelligibility, T-test results showed that there were significant differences of WI and LD between high and low familiarities (p<0.01). In case of the young group, WI and LD for the low familiarity words were worse by 0.14 in comparison with the high familiarity words. In case of the aged group, WI and LD for the low familiarity words were even worse by 0.42 and 0.35, respectively, in comparison with the high familiarity words. In addition, there was no significant difference of WI (p=0.759) and LD (p=0.715) between the young and aged groups in case of the high familiarity words, whereas there was significant difference of WI (p<0.01) and LD (p<0.01) between the young and aged groups in case of the low familiarity words. This indicates that word familiarity can be more severe for aged people to recognize proper station name or PA announcements in underground stations. Therefore, any efforts for enhancing familiarity of the station names are desirable with improving speech intelligibility of the station sound fields, especially aged people. 
Effects of Noise Sensitivity
Results of the listening tests can be influenced by noise sensitivity of subjects as one of non-acoustic factors 22 . In order to measure individual noise sensitivity in one-item 23 , each participant was asked to judge their own noise sensitivity in 11-pt numerical scale after completion of the listening test. The judgment scale was provided with verbal explanation on the minimum and maximum values (0: Not at all, 10: Extremely) as the following single question: "How would you describe your sensitivity to noise? (In Japanese:
)". In order to divide subjects into two groups with high and low noise sensitivity, cumulative percentile of the subjects according to noise sensitivity rating was calculated as shown in Figure 5 . Since 50% of the subjects were corresponded to point 5 in 11-point scale, upper 50% of the subjects with points of 6 to 10 were classified as high sensitivity group and lower 50% with points of 0 to 5 were classified as low sensitivity group.
FIGURE 5.
Cumulative percentile of the subjects according to noise sensitivity rating. Based on the individual noise sensitivity rating , lower 50% and upper 50% of the subjects were classified into high and low sensitivity groups, respectively. Table 6 shows the averaged WI and LD values according to age group and noise sensitivity group with T-test results. As results, as for the young group, T-test results showed that there were no significant differences of WI and LD between high and low sensitivity (p=0.192 and p=0.255, respectively). However, as for the aged group, there was significant difference of LD (p<0.01) between high and low sensitivity although there was no significant difference of WI (p=0.294). The difference of LD between the noise sensitivities for the aged group was 0.08. This seems that the aged group with low noise sensitivity underestimated listening difficulty since all sensitivity groups showed significant differences of WI and LD between the young and aged groups (p<0.1) except for LD of low sensitivity group (p=0.304). Accordingly, there is a possibility for aged people with high noise sensitivity to have more trouble to recognize speech announcements because they showed the highest LD of 0.29. 
Effects of Individual Hearing Level
As described above, the young and aged groups showed significant differences on the averaged hearing level characteristics. However, individual hearing levels are very diversely distributed, even within the young subjects as plotted with error bar in Figure 1 . Therefore, it is needed to investigate the effects of individual hearing levels on the speech intelligibility test results. The relationships of individual hearing levels and speech intelligibility measures of WI and LI were plotted respectively in Figures 6(a) and (b) . In consideration of all subjects' responses regardless of age group, only WI showed significant correlation coefficients with individual hearing levels (R=-0.63, p<0.05). However, this correlation was mainly affected by difference between the young and aged subjects. Within the young group or the aged group, WI no longer showed significant correlation coefficients with individual hearing levels (R=0.07 for the young group, R=-0.27 for the aged group). Therefore, it was confirmed that individual hearing levels did not affect the listening test results.
CONCLUSIONS
In this study, the effects of various acoustic conditions in terms of reverberation and binaural dissimilarity, which can be happened by architectural treatments, on speech intelligibility of PA announcements in subway platforms were investigated through the listening tests for young and aged people. The conclusions derived from the listening tests are described as follows:
RT was found as one of the dominant acoustic factors to describe speech intelligibility with high correlation with STI (R=-0.96). Contribution of the reduced RT, for example, by treating absorptive materials, on speech intelligibility can be maximized under low RT condition below 1.9 s. For young people, listening difficulty rating among speech intelligibility measures could be linearly estimated using only RT (R 2 =0.70, p<0.01) although word intelligibility score showed no significant regression model with RT (R 2 =0.17, p=0.18) due to the interaction effects between RT and IACC. However, speech intelligibility could be improved by decreasing IACC in case of the low RT condition of 1.0 s, for example, by installing acoustic diffusers, or by increasing IACC in case of the high RT condition of 1.9 s, for instance, by installing flat reflectors.
